[1] Perennial springs located on west central Axel Heiberg Island in the Canadian High Arctic occur in a region with a mean annual air temperature of À15°C and flow through continuous permafrost 600 m thick. The spring water is a low-temperature (up to 6°C) brine that maintains constant discharge temperatures and flow rates throughout the year. Here we report on observations of temperature and discharge rate of these springs and develop a combined flow and thermal model of the subsurface flow using the measured geothermal gradient. We also consider the implications these springs have for the search for similar environments, past or present, on Mars.
Introduction
[2] Recent Mars Global Surveyor images indicate the presence of gully-like landforms that occur primarily at high latitudes, providing evidence of recent fluvial activity [Malin and Edgett, 2000] . These features appear to be geologically young enough that they would have formed under the present climatic conditions that include mean surface temperatures of À60°C and extensive permafrost. The absence of any association between these flow features and obvious geothermal heat sources (e.g., volcanic features) is problematic. Eutectic brines present in the shallow Martian subsurface have been suggested as the likely fluid that formed these features [Hoffman et al., 2000] . We believe cold perennial springs that flow through thick continuous permafrost on Earth may provide an analog for these Martian features.
[3] On Earth the presence of thick permafrost creates an effective aquitard, preventing groundwater discharge and resulting in the separation of groundwater into subpermafrost, intrapermafrost, and suprapermafrost systems [Williams and van Everdingen, 1973] . However, there are two sets of perennial springs on Axel Heiberg Island that flow through 600 m of permafrost and are not associated with any volcanic heat sources. First reported by Beschel [1963] and more recently described in detail by Pollard et al. [1999] , the springs are located at 79°26 0 N, 90°46 0 W (Figure 1 ). At nearly 80°N these are among the most poleward springs known and are currently the only known example of cold springs in thick permafrost on Earth.
[4] Axel Heiberg Island is mostly bare ground with <35% covered by glaciers or ice caps and lies within the Sverdrup Basin Archipelago, a large intracratonic rift basin initiated during the late Paleozoic [Thorsteinsson and Tozier, 1970] . The local geology is complex and consists of folded and faulted sedimentary rocks ranging from Triassic to Tertiary in age. Upper Paleozoic evaporites locally intrude the overlying sedimentary clastic rocks in a series of piercement structures. Both groups of springs at Expedition Fiord occur in geologically similar settings 11 km apart and are associated with anhydrite piercement structures (Figure 2 ) [Hoen, 1964] . Thick, continuous permafrost reaching depths of nearly 600 m has been reported for this region [Taylor and Judge, 1976] . The mean annual air temperature at the study sites is approximately À15°C [Doran et al., 1996] . The low temperature coupled with a potential evaporation that exceeds the low annual precipitation produces a region that is considered to be a polar desert. Perennial springs at both study sites discharge a brine with measured discharge temperatures that range from À2°to +6.5°C. At both sites our results show that the main spring-flows maintain a 5°-6°C mean discharge temperature throughout the year despite air temperatures that fall below À40°C during the winter months [Doran et al., 1996; Pollard et al., 1999] . National Bureau of Standards (NBS) thermometers housed in Stevenson Screens recorded a minimum temperature of À55°C during the 2000 -2001 winter. Over the course of a year the mean spring temperature at Colour Peak is 5.2°C, the maximum temperature is 5.5°C, and the minimum temperature is 4.9°C, with the standard deviation being 0.2°C. Flow rates are also constant with little variation (Figure 3 ). The brines exhibit high concentrations of Na, Cl, Ca, and SO 4 ions with total salt content >10% [Beschel, 1963; Pollard et al., 1999] . As pointed out by Fricker [1963] , the high level of NaCl may have resulted from the contact between salts at depth and the emergent groundwater.
[5] The Gypsum Hill site consists of $40 springs and seeps on the north side of Expedition River discharging along a band nearly 300 m long and 30 m wide and between 10 and 20 m above sea level (asl). The Colour Peak springs are located on the south facing slope of Colour Peak at an approximate elevation of 30 -40 m asl. These springs are grouped into three distinct topographically controlled areas with 20 vents discharging directly into Expedition Fiord several hundred meters down slope. Unlike the springs at Gypsum Hill, the Colour Peak springs form distinct troughs, pipes, and sheet flows with well-developed travertine and other mineral precipitates [Pollard et al., 1999] . Isotopic data suggest relatively recent but prebomb (prior to nuclear tests in the 1950s and 1960s) meteoric water as the source for these springs [Pollard et al., 1999] .
Thermal Model
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geothermal activity in the area, and we hypothesize that the heat content of the water in the springs derives from the geothermal temperature profile. We have developed a combined flow and thermal model of the subsurface flow similar to the approach of Deming et al. [1992] and Haldorsen and Heim [1999] . We use the measured geothermal gradient of 37.3°C km À1 for a nearby borehole (60 km) that was reported by Taylor and Judge [1976] . A schematic of the flow model is shown in Figures 4a and 4b . The piercement structures and their associated evaporite units are the key to our hydrological model. The deep subsurface salt layer contains the main reservoir of water. Water enters and leaves this reservoir by way of the piercement structures that reach the surface. The major source of water entering the salt layer could be subglacial melt or water from Phantom Lake, which is situated $397 m above the outlet of the springs. The basin of this glacially dammed, 200 m deep, perennially ice-covered alpine lake is located within a structurally controlled valley along a fault line.
The lake formed following the retreat of the Transit Glacier. Phantom Lake periodically drains a small portion of the total volume (1 -2%) during summer months by overflowing a riegel located at the southern border of the lake and into a marginal channel that abuts one of the a piercement structures as mapped by Hoen [1964] [Maag, 1969] . For both possible sources we suggest that water flows deep below the surface via the evaporite unit, returning to the surface through the piercement structures associated with the springs. Below the surface the water reaches the geothermal temperature, and as it flows upward, it loses heat to the surrounding permafrost.
[7] If we consider time-averaged conditions, then the heat loss from the water to the ground as it moves upward at a depth z is given by where q(z) is the rate of heat loss from the water to the ground as it moves up at a depth z, T w (z) is the temperature of the water in the spring as it flows upward, _ m is the mass flow rate of the springs in kg s
À1
, and c is the specific heat of water in units of J kg À1°CÀ1 .
[8] To proceed further in this analysis, we express q(z) as the heat loss from a uniform cylinder as shown in Figure 4b . If we consider the radial coordinate r, then the heat flowing out from the cylinder at depth z is given by
where k is the thermal conductivity of the ground surrounding the cylinder which has an assumed azimuthly symmetric temperature profile T r . At the boundary of the cylinder, T r = T w , and very far away from the cylinder T r = T g , where T g is the geothermal temperature profile distant from the springs, T g (z) = T o + az, where T o is the annual average surface temperature and a is the geothermal gradient.
[9] We use these equations as the basis for a numerical model of the thermal balance of the spring water. Combining these equations and solving the resulting inhomogeneous differential equation gives the following expression for the mean temperature of the water in the springs:
where g = c _ m/prk is a characteristic scale length for the spring flow and represents the distance that the flow moves before a significant loss of thermal energy by conduction occurs. Note that faster flow rates make g larger, while larger thermal conductivity coefficients make g smaller. The values that must be specified to complete the Miles Km T r a n s i t G l a c i e r Figure 2 . Subglacial flow and Phantom Lake, a glacially dammed lake 397 m above sea level (asl), are possible sources of the water flowing from the springs at Gypsum Hill and Colour Peak. The lake is dammed on one side by the Thompson Glacier and is situated next to an evaporite piercement structure. Faulting occurs beneath the lake through the piercement structure that may provide a conduit to the deep subsurface as well as provide a connecting link between the other evaporite structures associated with the springs.
Gypsum Hill Springs
calculation are the mean surface temperature, the geothermal gradient, and the depth (or temperature) of the salt layer. Given these parameters, the mean exit temperature of the springs can be determined from (3) as a function of g. This is shown in Figure 5 for Earth (Axel Heiberg) and Mars. For Axel Heiberg the mean temperature of the surface, the geothermal gradient, and the mean temperature of the underlying salt layer are À15°C, 37.3°C km
À1
, and +6°C (640 m depth), respectively. For Mars the corresponding values used are À60°C, 20°C km À1 , and 0°C. Note that the values used for Mars imply a 3 km thick permafrost and a source of water just below that permafrost [Clifford, 1993] .
[10] The essential measurements to be compared to the model are the flow rate and the observed temperature of the discharge. Taylor [1991] determined the thermal conductivity (k = 2.0 W m À1 K À1 ) at the Gemini borehole, and we use this value as a best estimate for the thermal conductivity at the spring sites located at Expedition Fiord. Similarly, a value of k = 2.0 W m À1 K À1 is used for Mars using the estimates of Clifford [1993] . The specific heat (c = 3400 J kg À1 K
, specific heat = 0.8) of the outflowing brine was estimated from values published by Archer and Carter [2000] for NaCl solutions at low temperatures. For the mass flow rate reported by Pollard et al. [1999] of $1 kg s À1 , and for a spring radius of $0.5 cm, we thus obtain a nominal value of g for the Arctic springs of 10.8 km. This in turn implies an outlet temperature of close to 5°C, which is in agreement with our observations. The large value of g compared to the distance to the bottom of the spring justifies the neglect of seasonal variations in the analysis; the water is flowing quickly enough to be unaffected by local variations in the environment.
[11] For Mars the model provides a quantitative way to understand how cold springs can penetrate thick permafrost. If the . Schematic of the mathematical representation of the thermal balance of the upwelling spring water. Note that the r coordinate represents distance from the center of the cylinder, while the z coordinate represents depth below the surface. T w , T r , and T g are the temperature of the water in the cylinder, temperature at distance r from the cylinder, and the surrounding ground temperature (unaffected by the spring), respectively. The q(z) term indicates heat leaving the spring conduit. Outflow temperatures as a function of the flow parameter g, where g( = c _ m/prk) is a characteristic scale length for the spring flow. The flow parameter g represents the distance that a solution may travel through the permafrost before a significant loss of thermal energy by conduction occurs. Faster flow rates make g larger, while larger thermal conductivity coefficients make g smaller. Boundary conditions for Earth are as follows for the Axel Heiberg site: À15°C annual mean surface temperature, 37.3°C km À1 geothermal gradient, and 640 m depth to source of springs in the subsurface salt layer (temperature = +6°C). For the springs at Axel Heiberg the nominal value for g = 10.8 km, which implies an outlet temperature of $5°C for Earth. Outlet temperatures for springs on Mars will vary depending on the boundary conditions. Here we show two curves for Mars with the boundary conditions À60°C mean surface temperature and 20°C km À1 geothermal gradient and for water originating from just below the permafrost (3 km depth) at a temperature of 0°C and for water originating at 500 m below the permafrost (3.5 km depth) at a starting temperature of 10°C. Flows originating just below the permafrost have an outlet temperature of approximately À5°C; brine solutions could be liquid at this temperature. Outflow temperatures above freezing are possible for flows originating from deeper locations.
Martian springs were no bigger than the Arctic analogs, then similar flow rates (g = 10.8 km) would result in outlet temperatures between À5°C and À10°C, for solutions originating at 0°C just at the base of a 3 km thick permafrost. If the solution originated at a deeper, warmer location, then the exit temperature would be increased by a corresponding amount. To achieve exit temperatures above 0°C on Mars, the solution would have to originate at a depth of 0.5 -1 km below the permafrost.
[12] The Arctic springs are maintained by recharge from glacial meltwater produced during the summer months in the mountains above the springs. If this source were to end, the flow would cease on timescales that we estimate to be a few hundred years based on the volume of the lake and the rate of discharge of the springs.
Springs on Mars
[13] The spring features observed by Malin and Edgett [2000] could represent cold springs from distant glacial melting with the water flowing underground through salt layers as in the Arctic. Salts are known to be present on Mars, and the existence of large accumulations of evaporite deposits is a logical possibility [Forsythe and Zimbelman, 1995] . The springs could have formed during a recent period when due to obliquity changes glacial deposits were present in the southern highlands. Alternatively, the spring discharges may have resulted from relic groundwater stored in confined aquifers forced out by an expanding freezing front from a much earlier epoch [Mellon and Phillips, 2001] . In this case the Arctic model provides a mechanism for bringing the water to the surface but does not explain what prompted the release of the water after a long period of subsurface storage.
[14] If the springs observed by Malin and Edgett [2000] are associated with flow through salt conduits as we observe in the Arctic, then we would expect these flows to leave behind large salt pans as the water froze and evaporated into the dry Martian air. Unfortunately, these saltpans may not be observable if there is a thin layer of airborne dust covering them.
[15] As in the Arctic, cold springs emanating from thick permafrost could be sites for microbial life in an otherwise harsh environment. Equally important, the salts and other mineral deposits associated with these springs could preserve isotopic, molecular, and morphological evidence of any life that may have been present.
Conclusions
[16] We conclude that evidence of recent spring activity on Mars by Malin and Edgett [2000] can be understood as analogous to similar systems here on Earth which demonstrate that liquid water is capable of reaching the surface in regions of thick, continuous permafrost without strong volcanic heating sources. Mineral deposits associated with such springs in the Arctic contain biological signatures. They might on Mars as well. [18] The seasonal dependence can be included explicitly using the same approximate solution for q(z, t). In this case the ground temperature T g is expressed as T g = T o + az + A o sin(wt À z/D)e
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Àz/D
, where A o represents the amplitude of the surface temperature fluctuation and the sin term accounts for this seasonal ground temperature oscillation, where w is the annual frequency and D is the penetration depth of the annual thermal wave given by D = (2k/wr C) 1/2 , r is the soil density, k is the thermal conductivity, and C is the specific heat per unit mass [Campbell, 1997] . Following this approach, the solution yields an additional seasonally varying term which scales as A o D/2g. For our nominal values of g (10.8 km) and D (3 m) this term is negligible, predicting a seasonal spring water temperature variation of 0.003°C.
